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Strains of the bacterium Lysobacter enzymogenes have been isolated from
various regions of the world and reported to have potential as biological control
agents against plant pathogens. Previous research revealed many ecological traits and
mechanisms important to biological control by L. enzymogenes. Much of the previous
research, however, was conducted on individual strains with little direct comparison
of different strains. In this study, L. enzymogenes strains isolated from different
locations and source materials (soil, roots, leaves) were compared for biocontrolrelated phenotypic traits in vitro, epiphytic and endophytic colonization of leaves, and
biocontrol of Bipolaris leaf spot on tall fescue. The ability to colonize leaves
endophytically by L. enzymogenes was found for the first time in this study. The trait
was shown to be common to all of the strains tested, with only subtle differences
among strains in endophytic colonization ability. Endophytic colonization occurred
after spray application of strains to bean, cabbage, Swiss chard and tall fescue, but not

green onion. All of the strains tested exhibited similar ability to produce yeast celldegrading enzymes, β-1, 3-glucanase, and antifungal secondary metabolites. Finally,
all strains tested for control of Bipolaris leaf spot inhibited development of the
disease, with only slight differences in levels of disease suppression among the
strains. It can be concluded from the collective results that the ability to colonize
leaves endophytically, the expression biocontrol-related traits, and the potential to
have biological control activity are traits that are common to L. enzymogenes strains
in general regardless of their origin.
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1 Literature Review
1.1 General Introduction
Lysobacter species have been recognized to have potential as biological
control agents for an extensive range of plant diseases. This study builds on
researches conducted over the past 15 years in different parts of the world in the use
of Lysobacter as biological control agents of plant pathogens. Lysobacter
enzymogenes is the most commonly reported species with biocontrol effective strains.
Research on various strains have found to that members of the species collectively
can be effective in suppressing the growth and infection activity of a wide range of
plant pathogens including bacteria, fungi, oomycetes, and nematodes. A wide array of
mechanisms has been identified to be associated with or important to biological
control in L. enzymogenes. No systematic comparison, however, has been made
between biocontrol effective strains or strains isolated from different environments
for phenotypic traits associated with biological control or for the potential to control
pathogens in vivo. In this study, phenotypic traits, as well as the biological control
effectiveness against Bipolaris leaf spot on turf grass would be compared among
Lysobacter enzymogenes strains. Phyllosphere colonization was also compared
among L. enzymogenes strains on different plant species with a particular focus on
determining whether L. enzymogenes strains can establish as endophytes in leaves.
In this review, I included the concepts relating to biological control and
biological control agents, as well as the relationship of biological control agents with
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plants and other microorganisms. The importance of bacteria Lysobacter was
discussed along with their habitats and ecosystem functions, mechanisms as
biological control agents, and the endophytic colonization.

1.2 Biological control
Plant diseases need to be controlled to maintain the quality and quantity of
food, feed, and fiber produced all over the world. Farmers rely heavily on chemical
fertilizers and pesticides, and excessive input and misuse of chemicals caused serious
environmental pollution and direct and potential danger to feed stocks, aquatic
organisms, and human. Many efforts on developing the alternative inputs to synthetic
chemicals for control diseases been done, and by alternatives, they refer to biological
control. In plant pathology, the term ‘biological control’ refers to the use of microbial
antagonists to suppress diseases as well as the use of host-specific pathogens to
control weed population (Pal and Gardener, 2006). The organisms that suppress the
pathogens are demonstrated as the biological control agent (BCA).
1.2.1

Relationship of Biological control agent with plants and other
microbes

In plant disease systems, the interactions of the biological control agent with
the plant, the pathogen, and the environment are complex. Marois and Coleman (1995)
expressed the complex interactions with a modified disease triangle (Figure 1.1)
which helped us understand the interactions. Plant hosts and pathogens interact with a
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wide variety of organisms throughout their life cycle. These complex interactions can
significantly affect plant health in diverse ways. The way host affects the biological
control agent and the effect that the agent may have on the host can influence the
biocontrol system (Giesler, 1998). The interactions of plant and microbes would be
helpful to understand the mechanisms of biological control, and in order to interact,
organisms must have some form of direct or indirect contact (Pal and Gardener, 2006).
Odum (1953) proposed that the interactions of two populations include
mutualism, protocooperation, commensalism, neutralism, competition, amensalism,
parasitism, and predation. From the plant’s perspective, biological control can be
considered as a positive result by their specific and non-specific interactions.
Mutualism is the way two or more organisms of different species exist and “work
together”, each individual deriving benefit from the relationship. It is an interaction
involving close physical and biochemical contact, such as those between plants and
mycorrhizal fungi. Biological control can be obtained by fortifying the plant with
improved nutrients and/or by stimulating host defenses. Many microbes classified as
biological control agents do not depend on each other for survival, and survival is not
host-specific and disease suppression may vary depend on the environmental
conditions. Antagonism between organisms can be considered as a negative result for
one or both, in contrast to neutralism interaction, in which the population density of
one species has no effect on the other. Biological control could occur under
competition interaction when non-pathogenic organisms compete with pathogens for
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nutrition in and around the host, which could result in a decreased activity and/or
growth of the interacting microbes. In the parasitism interactions, the activities of
various hyperparasites, such as some agents that parasitize plant pathogens, can result
in biocontrol. Lastly, the predation interaction would happen with fungal feeding
nematodes and microarthropods consuming pathogen biomass (Pal and Gardener,
2006). Biological control could happen under different types of interactions,
depending on the host-associated environment in which the biological control systems
occur. Mutualisms between microbes and the hosts, and antagonisms between
microbes and pathogens would be the two major interactions for most significant
biological control systems. In the Lysobacter system, antagonism is the main
interaction. Pathogens are antagonized by the presence and the activities of biological
control agents they encounter.
Direct antagonism includes hyperparasitism and antibiotics, and mixed-path
antagonism results from lytic enzyme activities. In contrast, indirect antagonism
includes competition and induction of host resistance that do not involve targeting the
pathogen by biological control agent. The lines between direct, mixed-path and
indirect antagonism are blurry. In all natural and manipulated systems, all the
antagonistic mechanisms described are likely to operate at some levels, instead of one
specific mechanism functioning alone. Most of the effective and efficient biocontrol
agents reported to date appear to antagonize plant pathogens using multiple
mechanisms in one system (Pal and Gardener, 2006).
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1.2.1.1 Antagonism and Plant-mediated traits
Antibiotic-mediated suppression is conducted by microbes producing and
secreting one or more compounds with antimicrobial activity at low concentrations.
In all the cases studied by phytopathologists, the antibiotics have been shown to be
effective at suppressing the growth of certain plant pathogens when being produced in
sufficient quantities and released near the target pathogens. And also, some biological
control strains are proved to produce multiple antibiotics which can suppress more
than one pathogen (Silo-Suh et al. 1994; Milner et al. 1996). The ability to produce
multiple antibiotics that could inhibit different groups of pathogens indicates the
enhancement of biological control.
Lytic enzymes can be produced and released by many microorganisms to
hydrolyze a variety of polymeric compounds including chitin, cellulose, glucan,
protein and DNA. Some secretion of the enzymes shows a direct suppression of plant
pathogens. For instance, β-1, 3-glucanase produced by Lysobacter enzymogenes strain
C3 has been reported to contribute to biological control activity (Palumbo et al. 2005).
Microbes showing a preference for colonizing and lysing plant pathogens might be
classified as biological control agents (Pal and Gardener, 2006).
Plants respond to a variety of environmental stimuli including light,
temperature, water and nutrients, as well as a variety of chemical stimuli produced by
plant-associated microbes. These responses could induce plant host defenses and
ultimately enhance the resistance to plant pathogens. Induction of resistance could be
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local or systemic based upon the type, source, site, and the amount of stimuli to the
hosts (Pal and Gardener, 2006).
1.2.1.2 Colonization
Prerequisite to the functioning of either set of traits is an ability to colonize the
plant or environment immediately in association with the plant (e.g. rhizosphere).The
colonization refers to the presence and multiplication of microorganisms without
tissue damage. The colonies develop when a bacterial cell begins reproducing.
From a microbial perspective, soil and living plant surfaces are frequently
nutrient limited environments. To successfully colonize the phyllosphere and soil, a
microbe must effectively contact and compete for the available nutrients. The
nutrients could be obtained from plant surfaces supplied by hosts including exudates,
leachates, senesced tissue, and waste products from other organisms like insects, and
the soil (Pal and Gardener, 2006).
For root colonizers, the surface of the roots and the surrounding soil areas (the
rhizosphere) constitute an environment where nutrients released by a plant in the form
of root exudates are available to the microorganisms. In turn, some bacteria promote
the plant’s growth and protect the plant from pathogens (Espinosa-Urgel, 2002).
Nutrients in phylloplane, on the other hand, occur in “islands”. Effective
phylloplane (epiphytic) colonizers must be able to move to islands, establish a biofilm,
and regain movement when nutrients run out. For phyllosphere colonizers, the
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inhabitants refer to the surface of above ground aerial plant parts. A great diversity of
bacteria have been isolated from aerial plant parts, however, a big portion of leafassociated bacteria have not been identified (Giesler, 1998). Two types of interactions
between microorganisms and plant have been studied: epiphytic and endophytic.
‘Epiphytic’, ‘phyllosphere’, ‘phylloplane’, and ‘leaf-associated’ are often used as
synonyms to describe microorganisms associated with plant surfaces of aerial plant
parts (Giesler, 1998; Jacques and Morris, 1995), while ‘endophytic’ refers to all the
internal interactions aside from the surface associates in this research and thesis.
Endophytic bacteria refer to those bacteria that reside in plant hosts without
causing disease symptoms or gaining benefit other than residency (Zinniel et al.
2002). Endophytes enter the plant through the root zone, aerial portions of plants such
as stems, flowers, cotyledons, stomates, and foliar wounds. After entering the plant,
endophytes may become localized at the entry point, or spread throughout the whole
plant (Hallmann et al. 1997). Endophytic microorganisms can reside within cells
(Jacobs et al. 1985), in the intercellular spaces (Patriquin and Döbereiner, 1978), or in
the vascular system (Bell et al. 1995). The most commonly reported locations for
endophytic bacteria are intercellular spaces and xylem vessels (Reinhold-Hurek and
Hurek, 1998; Sprent and James, 1995). According to the review by Rosenblueth and
Martínez-Romero (2006), endophytes could promote plant growth and yield, suppress
plant pathogens, help remove contaminants, solubilize phosphate, or contribute
nutrients to plants. Endophytic populations could be affected by biotic and abiotic
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factors, but endophytic bacteria could also be better protected from biotic and abiotic
stresses compare to rhizospheric or other surface colonizing bacteria (Hallmann et al.
1997). The population density of endophytic bacteria is highly variable depending on
the bacteria species, inoculum density, host genotypes and stages, and environmental
conditions (Pillay and Nowak, 1997; Tan, et al. 2003). A good colonizer only needs a
single cell to substantially colonize the plants after inoculation (Dong et al. 2003),
and the different plant hosts show variability in their endophytic colonization by the
same bacterium (Rosenblueth and Martínez-Romero, 2006). Endophytic isolates,
being able to colonize and recolonize the internal plant tissues at a higher population
level than isolates from the root surface (Van peer et al. 1990; Rosenblueth and
Martínez-Romero, 2004), may be more efficient in inhibiting foliar pathogens.
1.2.2

Importance of Lysobacter

The bacterial genus Lysobacter, classified in the family Xanthomonas within
the Gamma-proteobacteria, was first described by Christensen and Cook in 1978. The
initial description of this genus was based mainly on its phenotypic characteristics
including gliding motility, a high genomic guanine-plus-cytosine (G+C) content
typically ranging between 65-72%, and lytic activity towards other microorganisms.
Lysobacter spp. used to be grouped with Myxobacteria because they shared the
distinctive character of gliding motility; however, other traits such as high genomic
G+C content, 28

C optimum growing temperature, varying cell length (2 to 70 µm),

oxidase activity, being non-fruit forming, and lacking flagella separate them from
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other taxonomically and ecologically related microbes (Christensen and Cook, 1978;
Sullivan et al. 2003).
Christensen and Cook (1978) proposed four species in the genus Lysobacter:
L. enzymogenes, L. gummosus, L. antibioticus, and L. brunescens, with L.
enzymogenes being the type species. There are 25 reported species in the genus
Lysobacter currently. A phylogenetic tree (Kawamura et al. 2009) among members of
the genus Lysobacter is presented in Figure 1.2. Except for the 4 original species, all
the others were identified after 2001, when the 16S ribosomal DNA database of
Lysobacter became available. Since then, 16S ribosomal DNA sequences became the
primary criterion for identifying strains and describing different species.
Lysobacters are rod-shaped gram-negative bacteria with colonies that are very
slimy or mucoid and are white, cream, yellow, pink or brown in color. They are not
fastidious as to nutrient requirements as they are able to be cultured on various media
routinely, such as 10% tryptic soy agar (TSA) (Giesler and Yuen, 1998), 100% TSA,
nutrient broth (NB), Luria Bertani (LB) agar, plate count agar (PCA) (Atlas, 1997),
and King’s B (KB) agar (King et al., 1954). Colony morphologies are similar between
species of Lysobacter, but differ on occasion depending on the media used for growth.
1.2.2.1 Habitats and ecosystem functions
Lysobacter spp. are typically found in soil and water habitats (Christensen and
Cook, 1978), but there are evidences suggesting that, Lysobacter spp. may occupy a
wider range of ecological niches beyond those ordinary aerobic environments
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associated with plants. Some isolates may even survive in ‘extreme’ and anaerobic
environments. For instance, 16s ribosomal RNA sequences indicative of Lysobacter
were obtained from hydrothermal vents (Moyer et al. 1995) and tar pits (Kim and
Crowley, 2007), while strains were isolated from Mt. Pinatubo mud flows and upflow
anaerobic blanket sludge reactors in Korea (Bae et al. 2005), and deep-sea sponge in
the Philippine Sea (Romanenko et al. 2008).
Lysobacter strains were isolated from different sources in different locations
all over the world. For example, L. enzymogenes strain C3 was isolated from
Kentucky Bluegrass foliage in Nebraska (Giesler and Yuen, 1998), L. enzymogenes
strain OH11 was isolated from plant rhizosphere soils in China (Jiang et al. 2005),
and strain 3.1T8 of the same species was isolated from hydroponic cucumber root in
the Netherlands (Folman et al. 2003). Lysobacter koreensis sp. nov. and Kartchner
Caverns strains were isolated from a ginseng field in Daejeon city, South Korea (Lee
et al. 2006) and Kartchner Caverns limestone cave in Arizona, USA (Ikner et al.
2007), respectively. These results suggest that Lysobacter strains are distributed in
diverse environments globally.
Most of the strains that inhabit soil probably subsist by decomposing various
bio-macromolecules and microorganisms other than cyanobacteria, while those
inhabiting fresh water lyse living and healthy cyanobacteria (Reichenbach, 1992).
Lysobacter lysing nematodes and bacteria also has been reported (Ensigh and Wolfe,
1965 and 1966; Chen et al. 2006). In addition to being decomposers, Lysobacter
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enzymogenes also play a role in establishing pathogenic interactions with a broad
range of lower eukaryotes (Kobayashi and Yuen, 2007), and Lysobacter spp. has been
reported to exhibit micropredatory behavior on other bacteria just like Myxobacteria
(Martin, 2002). For Lysobacter spp. which tend to attack prey as groups, the action
which is known as wolf-pack predation (Burnhan et al. 1981; Lueders et al. 2006).
The micropredatory activity could be accomplished by secreting diffusible
compounds into the surroundings to inactivate or lyse the target, or by moving across
a solid surface towards its prey by gliding or twitching motility. Some wolf-pack
predators like Myxococcus spp. are even capable of surrounding and entrapping the
prey in aquatic environment (Maheshwari 2011).
Both in vitro and in vivo experiments have been conducted to reveal that
Lysobacter can colonize both phyllosphere and rhizosphere regions (Sullivan et al.
2003; Postma et al. 2010). L. enzymogenes strain C3 has been demonstrated to be an
effective colonizer of both foliar and subterranean plant parts (Sullivan et al. 2003).
In 2010, Lysobacter was identified by 16S rRNA gene sequence as an endophyte in
common bean and soybean roots and immature seeds (Lόpez-Lόpez et al. 2010).
Before that, there was no report indicating the exact location of Lysobacter in relation
to plants. Knowing Lysobacter to be an endophyte could help us better understand the
functioning of biocontrol mechanisms. Being an endophyte also is an important
advantage for a potential biocontrol agent.
1.2.2.2 Lysobacter spp. as biological control agents
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During years of research, there are several Lysobacter spp. reported to have
the potential as biological control agents for plant diseases, including Lysobacter
enzymogenes, L. antibioticus, and L. capsici. Among the Lysobacter spp. with
biological control strains, most of the research was conducted with Lysobacter
enzymogenes. Our lab has been focused on L. enzymogenes strain C3 for over 15
years, a unique strain that originated from foliage in Nebraska and was found to be an
effective phyllosphere colonizer with excellent antagonistic abilities. Strain C3 also is
the most thoroughly characterized strain both molecularly and ecologically.
Researchers had discovered that C3 could be used as a biological control agent
against a broad spectrum of pathogenic fungi, oomycetes, nematodes, and other
bacteria, foliar or soil-borne. It has been reported to control foliar diseases such as
leaf spot of tall fescue caused by Bipolaris sorokiniana (Zhang and Yuen, 1999 and
2000; Kilic-Ekici abd Yuen, 2004), bean rust caused by Uromyces appendiculatus
(Yuen et al. 2001), and Fusarium head blight of wheat (Yuen et al. 2003). Strain C3
also has been reported to suppress soil-borne diseases such as brown patch in turf
grass caused by Rhizoctonia solani (Giesler and Yuen, 1998), and summer patch
disease of Kentucky bluegrass caused by root-infecting Magnaporthe poae
(Kobayashi and Yuen, 2005).
Other strains of L. enzymogeneswere isolated from diverse geographic
locations for control of diverse targets. Strain N4-7 isolated from soil in New Jersey
was selected for control of Magnaporthe poae (Kobayashi and El Barrad, 1996).
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Strain OH11, which was isolated from the rhizosphere soil in China, was first noted
for control of Ralstonia solanacearum, the causal agent of tomato bacterial wilt
(Jiang et al. 2005). Strain 3.1T8 isolated from roots of cucumber grown in
hydroponics was shown to have the potential to control Pythium aphanidermatum
(Folman et al. 2003; Postma et al. 2009). One common trait among the biological
control strains of L. enzymogenes is that they were all screened and selected to be
biocontrol agents from among large numbers of bacterial isolates before being
identified as L. enzymogenes. Until this study, it was not known whether or not
biological activity was trait common among all strains of this species.
Other species of Lysobacter have only been reported to have strains with
biological control activity mostly in the last six years. Although L. antibioticus strain
MAD009, which was isolated from agricultural soil in Wisconsin and exhibited
antibiosis against Fusarium oxysporum f.sp. lycopersici and Pythium torulosum in
tomato, was reported in 1999, the report appeared only in an abstract (Rondon et al.
1999). Not until nearly ten years later did a full report on a biocontrol strain of L.
antibioticus appear in the literature. That strain, 13-1, was strain isolated from the
rhizosphere of rice in Yunnan province of China, exhibited significant growth
inhibition of phytopathogenic bacteria and fungi, especially the bacterial leaf blight
pathogen Xanthomonas oryzae pv. oryzae (Ji et al. 2008). Recently, three biocontrol
strains of Lysobacter capsici have been studied. The species type strain YC5194,
isolated from the rhizosphere of pepper in Jinju, South Korea, was shown to have
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antimicrobial activity against Pythium ultimum and other phytopathogenic fungi in
vitro (Park et al. 2008). Strain PG4, which originated from the rhizosphere of a
tobacco plant (Nicotiana tabacum cv. Burley), had shown inhibition against Fusarium
oxysporum f.sp. radicis-lycopersici when applied to tomato seeds (Puololo et al.
2010); and strain AZ78, isolated from the rhizosphere of tobacco plant, was shown to
have the potential to control downy mildew caused by pathogenic oomycetes
Plasmopara viticola on grapevine (Vitis vinifera) (Puololo et al. 2013).
Control of foliar pathogens
Both foliar and soil-borne pathogens have been reported to be controlled by
Lysobacter strains. Among all the strains of Lysobacter, L. enzymogenes strain C3 is
unique because it was the only one to be isolated from the phyllosphere. While this
occurrence could have been a result of dispersal via soil or water, C3 has been shown
to be able to multiply on the above-ground parts of plant and, thus, appears to be
phyllosphere adapted (Kobayashi and Yuen, 2007). Aside from being both a foliage
and root colonizer, strain C3 was proven to be an endophyte in this research by
isolation from surface-disinfected tissues.
1.2.2.3 Mechanisms of biological control
There are 2 essential aspects demonstrated to be involved in biological
control of Lysobacter against plant pathogens: antagonism and plant-mediated
traits. Antagonism includes the production of lytic enzymes (Tigerstrom and
Stelmaschuk, 1989; Kobayashi et al. 2005; Epstein and Wensink, 1988; Chohnan
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et al. 2004; Ahmed et al. 2003; Palumbo et al. 2003; Chen et al. 2006) and
secondary metabolites with antimicrobial activity (Folman et al. 2004; Li et al.
2008), while the plant-mediated traits include induced resistance (Kilic-Ekici and
Yuen, 2003), growth stimulation and enhanced nutrient availability.
Antagonism traits
Lysobacter enzymogenes is capable of producing extracellular lytic enzymes
including proteases, glucanases, chitinases, lipases, and phospholipases that could
degrade the cell wall components and cellular contents. A characteristic of the species
is the ability to lyse a large range of microorganisms including fungi, Gram-positive
bacteria, algae, and nematodes by enzyme production. Lytic activity towards other
microorganisms is considered a general characteristic that indicates members of the
species may have the potential as biological control agents against plant pathogens. In
recent years, there were many groups of researchers who investigated the function of
lytic enzymes from L. enzymogenes strains on other microorganisms. The earliest
types of lytic enzymes studied were proteases, which were presumed to be involved
in the lysis of nematodes (Katznelson et al. 1964). Subsequently, Ensign and Wolfe
(1965 and 1966) reported that proteases produced by Myxobacter strain AL-1, later
reclassified as a strain of L. enzymogenes, were active against a wide variety of
bacteria by lysing intact cells and cell walls. In recent years, proteases are still studied
as an important mechanism in biological control (Ahmed et al. 2003, Chohnan et al.
2004).
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In 2006, Chen and associates reported that strain C3 could produce enzymes
that are active against a range of nematode species. Their research indicated that L.
enzymogenes strain C3, which was cultured in a chitin broth medium to induce
chitinase production, was capable of killing, disintegrating, and dissolving several
plant-parasitic nematode species in vitro. Based on their discoveries, strain C3 could
reduce the survival of both eggs and juveniles of the bacteria-feeding nematode
Caenorhabditis elegans and the plant-parasitic nematode Heterodera schachtii,
juveniles of Meloidogyne javanica, and vermiform stages of Pratylenchus penetrans
and Aphelenchoides fragariae. A comparative experiment was conducted using
commercial chitinase to confirm the effects on C. elegans. In the experiment, the
negative control which was the treatment without chitinase shown a higher egg
production and hatch rate than the treatments with chitinase. Though, aside from the
exposure of eggs to the chitinase as one mechanism for a decrease in egg viability,
other metabolites produced by strain C3, for instance proteases and lipases, might
also be responsible for the influence of strain C3 to nematodes (Chen et al. 2006).
Chitin is also a very important component of fungal cell walls; hence L. enzymogenes
strain C3 with chitinase activity played an important role in controlling fungal
pathogens like Bipolaris sorokiniana (Zhang and Yuen, 2000).
Beta-1, 3-glucan comprises over 80% of the cell wall polysaccharides in fungi
and oomycetes (Blaschek et al. 1992). Palumbo et al. (2003 and 2005) found that
three beta-1,3-glucanase genes encoded the production of glucanases in L.
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enzymogenes strains C3 and N4-7, which enabled them to have the ability to break
down the cell walls. The importance of the beta-1,3-glucanasea was confirmed by the
mutagenesis of these genes in strain C3 which resulted in reduced biological control
activity towards Bipolaris leaf spot on tall fescue and Pythium damping-off of sugar
beet.
In Sullivan et al. (2003), both L. enzymogenes strains C3 and N4-7 were
reported to be capable of hydrolyzing chitin, laminarin (soluble β-glucan), alginate
(anionic polysaccharide), Tween-80, gelatin (a mixture of peptides and proteins) and
carboxymethyl cellulose (CMC). In addition, positive enzyme activity was observed
as clear zones on media containing yeast cell walls. The yeast cell wall is made of 3060% polysaccharides (beta-glucan and mannan sugar polymers), 15-30% proteins, 520% lipids and a small amount of chitin (EURASYP: European Association of
Specialty Yeast Products), indicating that enzymes like proteases, chitinases,
glucanase, lipase and phospholipases possibly were involved in the hydrolyzation.
In addition to lytic enzyme activity, the production of antibiotics by
Lysobacter spp. also is involved in the biological control. A long list of bioactive
natural products produced in vitro by Lysobacter was reported in 2012, including
cyclodepsipeptides lysobactin, cyclic lipodepsipeptides, cephem-type β-lactams, and
polycyclic tetramate macrolactams (Xie et al. 2012). The antibiotics shown to have a
role in biocontrol are discussed below.

18

An early example would be the wide-spectrum phenazine antibiotic myxin
produced by a L. antibioticus strain, originally named “Sorangium” 3C, that was
shown to have inhibitory activity against bacteria and fungi (Peterson et al. 1966;
Reichenbach, 1992). Other antibiotics produced by Lysobacter spp. include β-lactams
containing substituted side chains, macrocyclic lactams, and marcocyclic peptides,
which were considered as potential alternatives for controlling methicillin resistant
Staphylococcus aureus (MRSA) bacteria and some other antibiotic resistant Grampositive bacteria (Kato et al. 1997; Kato et al. 1998; Kobayashi and Yuen, 2007).
Another antibiotic, heat-stable antifungal factor (HSAF) produced by L. enzymogenes
strain C3, is a complex consisting of dihydromaltophilin as the primary compound
and structurally related to macrocyclic lactams; HSAF was found to be responsible
for antagonism against fungi and oomycetes in vitro (Li et al. 2006; Yu et al. 2007).
Li and associates’ research results indicated that HSAF disrupted the polarized
growth of hyphal tips and led to loss of membrane organization. Purified HSAF could
also suppress the development of leaf spot by reducing the frequency of conidial
germination and appressorium formation of Bipolaris sorokiniana when applied to
tall fescue leaves (Li, 2005). Recent experiments indicated that mutant strain K19
with the primary gene for HSAF synthesis knocked out had reduced ability to control
Bipolaris leaf spot on tall fescue compared with wild type strain C3 (Yuen et al. 2006,
Yu et al. 2007), thus demonstrating the importance of HSAF in biocontrol activity of
strain C3. However, mutant strain K19 was unaffected in controlling Fusarium head
blight in wheat indicating HSAF was not as important against this disease (Li et al.
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2008). Yuen et al. (2006) reported research that indicated the antagonism activity of
HSAF against the plant parasitic nematode Caenorhabditis elegans. One or more
similar compounds produced by another biological control strain 3.1T8 were found to
inhibit zoospores and cyst germination (Folman et al. 2004). All these researches
demonstrate that HSAF does not necessarily work the same in all biological control
systems, and production of secondary metabolites is not the only mechanism by
which Lysobacter spp. function in these systems.
Plant-mediated traits
Induced resistance
Induced resistance by Lysobacter enzymogenes was first proposed and
reported to be a mechanism for biological control by Kilic-Ekici and Yuen (2003) on
tall fescue (Festuca arundinacea) using strain C3 to suppress leaf spot caused by
Bipolaris sorokiniana. The germination of B. sorokiniana conidia on the phylloplane
was suppressed by resistance elicited by strain C3, thereby, reducing the disease
severity of leaf spot. It was reported that systemic resistance could be induced in
plants when bacterial cells were applied to the roots but localized resistance was
induced when cells were applied to leaves. Subsequently, Kilic-Ekici and Yuen (2004)
found that the ability to induce resistance varied among strains of L. enzymogenes.
When different strains of L. enzymogenes were applied to roots of tall fescue, strain
N4-7 showed similar ability to induce systemic resistance to Bipolaris leaf spot as
strain C3, while the type strain of L. enzymogenes UASM 495 lacked that capacity.
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The results indicated that the ability to induce systemic resistance is not general
within this species. To date, little is known about the elicitor of induced resistance in
L. enzymogenes except that it is excreted and heat stable and not under the control of
the global Clp regulator which regulates expression of several traits including
extracellular enzymes, HSAF, and biosurfactant activity (Yuen, unpublished results,
2006; Kobayashi and Yuen, 2007).
There is no reported documentation available on the ability of Lysobacter
enzymogenes to stimulate plant growth and enhance nutrients availability through
mechanisms not related to biocontrol of plant pathogens.
Surface motility
Gliding motility, as a hallmark of Lysobacter according to Christensen and
Cook (1978), might be a possible trait for biological control. Gliding is defined as a
smooth movement of cells typically along with the long axis of cell (Henrichsen,
1972). As mentioned above in section 1.2.2.1 , Lysobacter is thought to prey on other
bacteria in the form of groups of cells, which Martin Dworkin called a ‘wolfpack’
strategy (Lin and McBride, 1996; Burnhan et al. 1981; Lueders et al. 2006). This
“group predation” is conducted by producing hydrolytic enzymes that decompose the
bacteria nearby, and the decomposition leads to the localized availability of nutrients
derived from prey cells (Martin, 2002). When adapting to the predatory state, the
predators move from a nutrient poor to a nutrient rich environment, where they can
keep stationary for a while, and maybe even multiply and colonize the site, as long as
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the spaces and nutrients are sufficient. Bacteria would initiate the development of
biofilms, which are communities of microorganisms attached to a surface, in response
to environmental cues such as nutrient availability (Harshey, 2003). The biofilms are
composed of polysaccharides secreted by bacteria, and they promote the adhesion,
survival, and movement of bacteria (O’Toole et al. 2000; Stoodley et al. 2002).
Biofilms would develop continuously as long as fresh nutrients are provided, but cells
detach from the surface and return to a planktonic mode (i.e. suspended or actively
moving in a water medium) when the nutrients are depleted (Harshey, 2003). Being a
surface colonizer with no flagella, Lysobacter moves around find more prey or
organic substrate in the form of gliding. Surface motility has been indicated to be one
manifestation of functional responses to surface colonization (Harshey, 2003).
Kobayashi also brought up the theory that type IV pili (T4P), which has been
implicated in surface motility and attachment in Pseudomonas aeruginosa (Zhou,
2013), might be involved in Lysobacter as a mechanism of gliding and attachment to
other microorganisms, and proposed that Lysobacter might “search” through gliding
for fungal hosts. However, these aspects have not been definitively proven.
1.2.2.4 Colonization by Lysobacter
As mentioned above in section 1.2.2.1 Habitats and ecosystem functions, both
in vitro and in vivo experiments have been conducted to reveal that Lysobacter can
colonize both phyllosphere and rhizosphere regions (Sullivan et al. 2003; Postma et al.
2010). L. enzymogenes strain C3 has been demonstrated to be an effective colonizer
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of both foliar and subterranean plant parts (Sullivan et al. 2003). As an isolate from
grass phyllosphere, strain C3 is presumed to be more effective in colonizing
phyllosphere than other strains isolated from soil, and nearly all of the research on
leaf colonization by Lysobacter has been based on strain C3.
Lysobacter enzymogenes was reported to be a component of the epiphytic
microflora on sugarbeet (Thompson et al. 1993; Thompson et al. 1995) and forage
grasses (Beherendt et al. 1997). Giesler (1998), who investigated environmental
effects on colonization of turfgrass leaves by strain C3, noted that very few colonies
of strain C3 were detected by imprinting grass shoots on selective media, while
higher populations of C3 were found when leaf tissue was ground prior to culturing.
This brings up the hypothesis that strain C3 might be an endophyte, with much of its
populations being inside of leaves.

1.3 Essential questions
As described above, much of the knowledge regarding the potentials of
Lysobacter as biological control agent is based on research using few strains, each
selected for biological control activity from screening of many bacterial strains.
Strains have been studied in regards to lytic enzyme activity and antibiotics
contributing to antagonism but no comparison has been made across the strains for
the ability to produce certain enzymes and antibiotics or their biological control
effectiveness on plants. Therefore, this study examines the in vitro ability of different
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strains of Lysobacter to produce lytic enzymes and antibiotics. The production of
general lytic enzymes was tested on a medium containing yeast cell walls, and the β1,3-glucanase activity was investigated using medium 813 containing laminarin (a
soluble glucan). In vitro inhibition tests were conducted to evaluate antibiotic
production by different strains against oomycetes and fungi. Biological control
effectiveness against Bipolaris leaf spot on turf grass was also compared among
strains of L. enzymogenes.
The relationship between a biological control agent and a plant disease system
is complex. In addition to direct interactions between the biological control agent and
plant pathogens, the host-associated environment also may influence the biocontrol
organism’s activity. The ecological versatility of a biocontrol agent is reflected not
only by the range of diseases it is capable of controlling but also by the various hosts
and the plant parts it is able to colonize. In this study, colonization position (internal
vs. external) proved to be an important aspect to examine.
To study the phenotypic diversity as well as differences in colonization and
biological control effectiveness among strains of Lysobacter enzymogenes, the
following objectives were established:
1. To determine if strains of L. enzymogenes differ as to in vitro traits related
to biocontrol.
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2. To compare biological control effectiveness of different L. enzymogenes
strains against a foliar pathogen Bipolaris sorokiniana on tall fescue.
3. To determine if L. enzymogenes strain C3 can colonize leaves as an
endophyte.
4. To determine if strains of L. enzymogenes differ in ability to colonize
leaves in endophytic manner.
To achieve these objectives, strains of L. enzymogenes isolated from diverse
sources and locations are compared in vitro and in vivo (in the greenhouse).
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Figure 1.1 The modified disease triangle including the biological control agent with
the complex interactions that occur in a plant disease system (Marois and Coleman,
1995)

26

Figure 1.2 Phylogenetic tree graph with all members of the genus Lysobacter reported
by 2009 (Kawamura et al. 2009)
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Table 1.1 Lysobacter strains used in this project

Species & Strain

Lysobacter
enzymogenes
strain C3

Location

Source/Habitat

Citation of original
report

Mead, NE

Kentucky
bluegrass leaf

Giesler and Yuen,
1998: isolation;
Sullivan et al. 2003:
classification

L. enzymogenes
strain N4-7

New Jersey

Soil

Kobayashi and ElBarrad, 1996:
isolation; Sullivan
et al. 2003:
classification

L. enzymogenes
strain OH11

China

Rhizosphere soil

Jiang et al. 2005

L. enzymogenes
strain 41C1

Scottsbluff, NE

Dry bean field
healthy plant area

Hu Yin, 2010

L. enzymogenes
strain 46E2

Scottsbluff, NE

Dry bean field
healthy plant area

Hu Yin, 2010

L. enzymogenes
strain 52A1

Mead, NE

Bluegrass field

Hu Yin, 2010

L. enzymogenes
strain 62A

Hebron, NE

Grass (outside of
soybean field)

Hu Yin, 2010

L. enzymogenes
strain 65A2

McCook, NE

Sorghum field

Hu Yin, 2010
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Table 1.1 Continued
L. enzymogenes
strain U1A

Solano Park

L. enzymogenes
strain U2

Wyatt Pavilion

L. enzymogenes
strain U3

Wright Hall

L. enzymogenes
strain U4

Lake Spafford

L. enzymogenes
strain U5B

Soil

*

Soil

*

Soil

*

Soil

*

Soil

*

Soil

*

UC Davis

UC Davis

UC Davis

UC Davis
Visitor Info
Center
UC Davis

L. enzymogenes
strain U7

Putah Creek
Lodge
UC Davis

L. enzymogenes
type strain
ATCC495

Ottawa, Ontario,
Canada

Soil

Christensen and
Cook, 1978

L. gummosus
type strain
ATCC29489

Ottawa, Ontario,
Canada

Soil

Christensen and
Cook, 1978

L. antibioticus
type strain
ATCC29479

Ottawa, Ontario,
Canada

Soil

Christensen and
Cook, 1978

*= not reported; isolated in 2010 by E. Caswell-Chen, University of California-Davis
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2 Chapter 2 Comparison of Lysobacter enzymogenes strains for
biological control related traits
2.1 Introduction
Much our understanding as to mechanisms or traits important in biological
control of plant pathogens by L. enzymogenes was established using strain C3. The
strain was found to inhibit the mycelial growth and spore germination of fungi and
oomycetes in vitro through extracellular lytic enzymes (Zhang and Yuen, 1999 and
2000; Palumbo et al. 2005; Yuen et al. 2001) and HSAF, an antibiotic complex
comprised primarily of dihydromaltophilin (Li, 2005; Li et al. 2008 Yu et al., 2007).
Furthermore, induced resistance was confirmed to be important as a mechanism of
biological control by strain C3 (Kilic-Ekici and Yuen, 2003). However, other than
chitinase production, a hallmark of the species (Christensen and Cook, 1978), these
traits cannot be presumed to be universal to all strains of L. enzymogenes. Two other
“biological control” strains (those for which effectiveness in control of a plant disease
was demonstrated), N4-7 from New Jersey and OH11 isolated in China, also were
found to produce chitinase (Palumbo et al. 2003; Qian et al. 2009), while OH11 also
produced HSAF (Lou et al. 2011). These findings, however, came from separate
studies. It is still unknown whether or not the various biocontrol strains of L.
enzymogenes express mechanisms of action to the same degree and if these strains
differ in biocontrol effectiveness against the same pathogen. The only direct
comparison of these biological control strains occurred in a study on induced
resistance (Kilic-Ekici and Yuen, 2004) in which C3 and N4-7 were found to be
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similar in ability to induce systemic resistance in tall fescue to Bipolaris sorokiniana
whereas the trait was lacking in the species type strain UASM 495, which had not
been evaluated previously for biocontrol activity (Kilic-Ekici and Yuen, 2004). The
findings in that study suggest that the biocontrol strains of L. enzymogenes, because
of they can express key biocontrol-related traits, or express them at higher levels,
might be unique from the general population of strains occurring in nature. This
supposition, however, has not been tested. Therefore, the objectives of this study were
to compare the biological control related traits of different L. enzymogenes strains in
vitro, as well as their biological control effectiveness against the same plant disease
leaf spot on tall fescue caused by Bipolaris sorokiniana.
2.2 Materials and Methods
2.2.1

Bacterial strains and growth conditions

Bacteria strains used in this study include L. enzymogenes strain C3;
biocontrol strains N4-7 and OH11, provided by D. Kobayashi, Rutgers University,
and F. Liu, Nanjing Agricultural University, respectively; strains 41C1, 52A1, 62A,
and 65A2 isolated from Nebraska soils (Yin, 2010); and strains U1A, U2, U3, U4,
U5B, and U7 isolated from California soils by E. Caswell-Chen, University of
California-Davis, using methods reported in Yin, 2010; and the species type strains
from the American Type Culture Collection UASM 495. In addition, type strains for
L. antibioticus and L. gummosus, both from ATCC, also were used in this study. All
bacterial strains were stored at -70

C and fresh cultures were reactivated from
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storage prior to each experiment. They were routinely grown on one-tenth-strength
tryptic soy agar (10% TSA; Sigma-Aldrich, St. Louis, MO), and cultures were all
incubated at 28
2.2.2

C for 2 days.

Phenotypic traits for species confirmation

Biocontrol strains C3, N4-7 and OH11 had been classified previously as
strains of L. enzymogenes based on physiological tests and 16S rDNA sequence
analysis (Sullivan et al. 2003; Jiang et al. 2005; Qian). The soil isolates from
Nebraska and California, however, were identified primarily on the basis of 16S
rDNA sequences. The sequences for strains 62A and 65A2 also were similar to those
of L. gummosus (Yuen, unpublished data). To confirm the identity of the soil isolates,
they were evaluated in comparison to species type cultures and biocontrol strains for
phenotypic traits important in species identification.
Different types of media were used in this study to differentiate among
Lysobacter enzymogenes, L. antibioticus, and L. gummosus. Expected phenotype
profiles for the three species (Sullivan et al. 2003; Reichenbach, 2006) are presented
in Table 2.1. Full-strength and 1/10 TSA were used for observation of colony
morphology. Plate counting agar (PCA; Atlas 1997) and King’s B (KB; King et al.
1954) agar were used for production of diffusible brown pigment, a trait typical of L.
antibioticus, while Luria Broth (LB) was used to observe viscosity, with L. gummosus
producing viscous growth. MacConkey agar (Smibert and Krieg, 1994) allows the
growth of L. enzymogenes but neither L. antibioticus nor L. gummosus.
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2.2.3

Phenotypic traits associated with biological control

Comparison of strains focused on traits that can be expressed in vitro.
Therefore, the ability to induce host resistance was not tested. Strains were grown on
10% tryptic soy agar for 2 days at 28

C before transfer to various indicator media.

Cell suspensions of each strain were made in sterile distilled water (SDW) to
MacFarland 5- 6 turbidity levels (1.5-1.8 X109 cells·ml-1), and then 20µl of cell
suspension was added to each 4mm-diameter well cut into the indicator agar with
SDW as the negative control. Yeast cell medium (YCM) was used to observe the
production of lytic enzymes in general, indicated by the appearance of clear zones
surrounding wells. Medium 813 with 0.5% laminarin (Palumbo et al. 2003) was used
for detection of β-1, 3-glucanase activity in particular and was indicated by the
appearance of zones of color differentiation surrounding colonies after staining the
agar with 1% Congo Red.
The plate inhibition test was used to evaluate antagonism against fungi and
oomycetes. Based on research using strain C3, inhibition of hyphal growth on low
nutrient media such as 10%TSA is due primarily to HSAF (Li et al. 2008). In this
experiment, 10%TSA medium was used. Plates of each agar were inoculated with cell
suspensions of bacterial strains and then an agar plug from half-strength potato
dextrose agar (1/2 PDA) cultures of a fungus or oomycete were placed in the center
of each agar plate. The pathogens tested including the oomycete Pythium ultimum
isolate P201 and fungi: Rhizoctonia solani AG2-IA isolate R251, Fusarium
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graminearum isolate PH-1 and Bipolaris sorokiniana. For each medium or test, there
were wells inoculated with the same strain on 3 different plates of the medium. Every
plate contained a negative control and strain C3. Cultures on enzyme indicator media
and plate inhibition tests were incubated at 27

C for 3 days before the diameter of

substrate clearing zones or growth inhibition zones were measure or rated relative to
strain C3.
2.2.4

Comparison of strains for biological control effectiveness against
Bipolaris sorokiniana

The disease system used for comparing strains was Bipolaris leaf spot of tall
fescue caused by Bipolaris sorokiniana. Methodology used in this experiment was
based to those reported by Zhang and Yuen (1990). Turf of tall fescue (Festuca
arundinacea Schreb. cv. Kentucky-31) was grown in the greenhouse. Roughly 0.5 ml
of seed, using one half of a 1.5ml centrifuge tube as a measure, was planted in a 10cm-wide square plastic pot containing a steam-pasteurized potting mix (Sharpsburg
silt clay loam, vermiculite, and sand mixed in equal volumes). The pots were placed
in a greenhouse and watered daily in the morning and afternoon. The plants were
grown for 5 weeks, being trimmed to a height of 12 cm every 2 to 3 days after four
week.
Biological control effectiveness was compared among biological control
strains C3, N4-7, and OH11; soil isolates 41C1, 52A1, 62A, and U4; and sterile
distilled water (SDW), as the control. A cell suspension of each strain was made to
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1X108 CFU/ml. To obtain more uniform dispersal of bacteria over leaf surface, a
surfactant Induce was added to all suspensions at 0.125% (vol/vol). Five pots of 5week old turf were treated with each strain by spraying all five pots with 100ml of the
cell suspension. The treated plants were kept in a humidity chamber for 24 hours
before spray inoculation with a conidial suspension of Bipolaris sorokiniana.
Conidial suspensions were made in SDW, filtered through autoclaved cheese cloth to
remove hyphal fragments, adjusted to 1X104 or 1X105 spores/ml using a
haemocytometer, and finally amended with Induce to 0.125% (vol/vol). After
inoculation, all of the pots were kept in a humidity chamber at room temperature in a
block array for 36 hours before being moved to a greenhouse bench.
Population levels of the applied bacteria were assayed on days 0, 1, 3, and 5
after pathogen inoculation by collecting 1 to 2 g of leaves from each pot at each
sampling time. The Plate-Dilution Frequency Technique (Harris and Sommers, 1967;
Yuen et al. 1991) was used for population assay (referred to as the 8-spot method in
this study because 8 replicate aliquots of each dilution were plated on media). Petri
plates of solid media with antibiotics were prepared ahead of time as semi-selective
media (10% TSA + Kanamycin 50 µg/ml + Cycloheximide 20mg/ml +
Chlortetracycline 50 µg/ml). Each plate was quartered by drawing a cross on the
bottom. After collecting the leaf samples, 5ml potassium phosphate buffer (PB with
pH7.1) was added into a zip bag with pre-weighed leaf sample, and grinding was
performed to extract the bacteria from leaf tissues. The bacterial extractions were then

35

diluted as a 10-fold series of 7 tubes, excluding the original extractions. Inoculation
of plates were preceded from the highest dilution, a 0.1-ml pipette graduated in
hundredth is used to deliver eight 0.01-ml drops of sample from each dilution to each
quarter. Each dilution series occupied two plates. All the bacteria were incubated at
27

C for 5 to 7 days before data rating.
Disease parameters were measured on Day 5. Ten leave blades were chosen

randomly from each pot. The linear length of each leaf blade was measured and
number of lesions on each blade was counted; the lesion count was divided by the
leaf blade length to calculate lesion incidence. Disease severity was determined by
visually estimating the percentage area of each leaf covered by necrotic lesions; this
measurement accounts for lesion size as well as lesion number. All of the assessments
were executed by blocks. The experiment was performed twice: the first time,
pathogen inoculum had a higher spore concentration at 1X105 spores /ml, and there
were two time blocks with 3 and 2 pots of turf for each time block treated with each
strain suspension. The second time, inoculum had a lower spore concentration at
1X104 spores /ml with 5 pots treated with each strain suspension all at once. In both
experiments, inoculation was done by blocks instead of bacterial treatments, and then
all the pots were placed in a humidity chamber and on a greenhouse bench by blocks.
Lesion incidence and disease severity data from the 10 leaf blades in a pot was
averaged to obtain data for that pot. These results then were subjected to analysis of
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variance (ANOVA) of randomized complete block design. Fisher’s LSD test was
used to separate treatment means.
2.3 Results
2.3.1

Phenotypic traits

The soil isolates identified as strains of L. enzymogenes on the basis of their
16S rDNA sequences were confirmed to be L. enzymogenes strains. They exhibited
the same physiological traits as the species type culture and the known biological
control strains of L. enzymogenes (Table 2.2). On 10% TSA and 100% TSA, known
and putative strains of Lysobacter enzymogenes produced cream-colored, soft, slimy
colonies. Colonies of the L. antibioticus type strain, in contrast, were pink, changing
to reddish brown, and soft, slimy; colonies of the L. gummosus type strain were offwhite to pale-yellow with gummy and compact texture. All known and putative
strains of Lysobacter enzymogenes grew on MacConkey agar, but not the type strains
of L. antibioticus and L. gummosus. None of the L. enzymogenes strains excreted
brown pigment on PCA and KB agar after 4 days, a trait indicative of L. antibioticus,
or produced viscose growth in LB broth in the manner of L. gummosus.
2.3.2

Biological control traits

There were no significant differences among strains of L. enzymogenes as to
lytic enzyme activity and antagonism against hyphal organisms (Table 2.3). In the test
on YCM, with yeast cells as the substrate, clear zones around bacteria colonies were
observed after 3 days incubation, while on the medium 813 with laminarin, zones
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with lighter color around the colonies were observed after staining the agar with
Congo red (Figure 2.1). The width of clear zones, measured from the edge of the
colony, was similar among L. enzymogenes strains: approx. 0.4-0.5 cm on YCM and
approx. 0.5-0.6 cm on medium 813 with laminarin. The ability of producing enzymes
appeared to differ among Lysobacter species; the L. gummosus type strain showed
very little capacity to hydrolyze the substrates in the media, with only very small
clearing zones being observed, whereas no clear zones were seen around colonies of
the L. antibioticus type strain. In the plate inhibition test, all of the strains tested
produced similar sized inhibition zones against each of the four plant pathogens (Fig.
2.2).
2.3.3

Comparison of biological control effectiveness against Bipolaris
sorokiniana on turfgrass

In the first experiment, when a higher pathogen inoculum level was applied,
none of the seven strains of L. enzymogenes, including strain C3, were effective in
reducing lesion incidence or disease severity compared to the control (Table 2.4). In
the second experiment, on the other hand, all the L. enzymogenes strains reduced
lesion incidence and disease severfity compared to the control (Table 2.5). There
were no significant differences in lesion incidence among strains of L. enzymogenes.
Meanwhile, there were significant differences in disease severity among the strains of
L. enzymogenes even though the difference between the lowest and highest level were
small. Biocontrol strains C3R5 and OH11 exhibited the lowest disease severity; NE
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soil strain 41C1 had the highest; NE soil strains 52A1 and 62A, CA soil strain U4,
and biocontrol strain N4-7 exhibited intermediate levels.
In both experiments, the bacterial populations increased for the first three
sampling days (Day 0, 1, and 3) and decreased to a level slightly higher than that of
Day 1 on the last sampling day (Day 5), which is also the day lesion incidence and
disease severity were determined. The population data is presented in Figure 2.3.
2.4 Discussion
One hypothesis tested in this study, that strains of L. enzymogenes would
differ in expression of in vitro traits related to biological control, was based on
findings with other bacterial species, such as Pseudomonas fluorescens and Bacillus
subtilis, which have been widely studied in connection with biological control. For
example, the antibiotic 2,4-Diacetylphloroglucinol-producing Pseudomonas
fluorescens strain Q8r1-96 has stronger antagonism against Q2-87 in the wheat
rhizosphere (Landa et al. 2003); Bacillus subtilis strain 168 has no defined biocontrol
capacities, while strains GB03 and QST713 have already been commercialized as
biological control agents (Joshi and Gardener, 2005). The results from this study,
however, do not support the hypothesis. Instead, the L. enzymogenes strains tested in
this study express biocontrol-related traits to the same degree and appear to be similar
in their effectiveness in controlling Bipolaris leaf spot. Similarity among the three
biocontrol strains is not surprising considering that every one of them originated from
screenings of many bacterial isolates for high biological control potential. The finding
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that the recent soil isolates also are similar to the biocontrol isolates, however,
suggests that the biocontrol-related traits and physiological phenotypes tested in this
study are universal and stable in the species. This supposition only applies to strains
associated with soil and plants because L. enzymogenes is also found in aquatic
environments (Christensen and Cook, 1978) and such populations were not
represented in this study.
Lysobacter antibioticus type strain has been reported to degrade protein, chitin,
laminarin, and yeast cell walls (Sullivan et al. 2003), and L. antibioticus strain HS124
has also been reported to produce lytic enzymes such as chitinase, beta-1, 3-glucanase,
lipase, and protease (Ko et al. 2009). Lysobacter gummosus was also reported to be
able to produce proteolytic enzyme but with optimum at pH8 and 50 C (McKay and
Donaghy, 1995). No report was found about L. gummosus degrading laminarin and
yeast cell walls based on Christensen and Cook (1978) and Sullivan et al (2003)’s
researches. Recent research indicates that L. gummosus could produce extracellular
biofilm-degrading enzymes (two peptidases: α-lytic protease and β-lytic
metalloendopeptidase) (Gökçen et al. 2014). The lytic enzyme activity of the L.
gummosus and L. antibioticus type strains were markedly lower than the L.
enzymogenes strains in this study, which does not completely support the previous
reports. Lower enzyme production might suggest that these two species do not have
the same potential as L. enzymogenes as biological control agents if lytic enzymes
were a determining factor in biological control.
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The plate inhibition tests, on the other hand, indicated that all Lysobacter
enzymogenes strains tested had some inhibition ability, to a certain extent, against the
four pathogens in vitro, indicating that all these strains were capable of producing
some antimicrobial metabolites. HSAF, the dihydromaltophilin-related complex of
antibiotics, has been reported to be produced by more than one L. enzymogenes
strains (Li et al. 2008; Lou et al. 2011; Qian et al. 2013). But it is possible that the
relative amounts of the different compounds in the complex produced by L.
enzymogenes strains might be strain dependent.
The first experiment comparing L. enzymogenes strains for biological control
of Bipolaris leaf spot on turf grass yielded no informative results. The lack of
biocontrol effectiveness by all strains in that experiment may have been due to the
following reasons: 1) The interval between the application of bacteria and the
inoculation of pathogens might be not long enough for the biocontrol bacteria to
colonize and multiply to the minimum effective population level; the population
assays in this experiment did show that the initial population levels of the applied
bacteria were very low. 2) The concentration of conidia of Bipolaris sorokiniana
might have been too high; division of the experimental units into two time blocks
increased variability within treatments.
In the second biological control experiment, there were little or no differences
in disease control efficacy among strains of L. enzymogenes. This finding is in line
with their similarities in expression of biocontrol traits in vitro. Further repetitions of
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this experiment and experiments with other host-pathogen systems need to be
performed to confirm the conclusion that there were no differences among strains of
L. enzymogenes as to biological control potential.

2.5 Figures and Tables
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Table 2.1 Expected phenotypic characteristics distinguishing three species of
Lysobacter based on Sullivan et al. (2003) and Reichenbach (2006)
Characters/Strains

L. enzymogenes

L. antibioticus

L. gummosus

Colony
Morphology

Sheetlike, soft,
slimy

Sheetlike, soft,
slimy

Compact,
gummy

Colony Color

Cream to paleyellow

Pink to pinkish
brown

Pale yellowishgray

- (+)*

+

-

Growth on
MacConkey Agar

+

-

-

Viscosity of Broth
Cultures

+

+

+++

Brown Pigment

Symbols: +, present; -, absent.
*: According to Sullivan et al. (2003)’s research, brown pigment only produced
by L. enzymogenes in old cultures.
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Table 2.2 Phenotypic traits of different Lysobacter species and strains
Confirmed or putative
species and strains

Colony color

Colony texture

Diffusible
brown
pigment

Growth on
MacConkey
agar

Viscosity in
LB broth
cultures

L. enzymogenes C3

Cream

Soft and slimy

-

+

+

L. enzymogenes N4-7

Cream

Soft and slimy

-

+

+

L. enzymogenes OH11

Cream

Soft and slimy

-

+

+

L. enzymogenes 41C1

Cream

Soft and slimy

-

+

+

L. enzymogenes 46E2

Cream

Soft and slimy

-

+

+

L. enzymogenes 52A1

Cream

Soft and slimy

-

+

+

L. enzymogenes 62A

Cream

Soft and slimy

-

+

+

L. enzymogenes 65A2

Cream

Soft and slimy

-

+

+

L. enzymogenes U1A

Cream

Soft and slimy

-

+

+

L. enzymogenes U2

Cream

Soft and slimy

-

+

+

L. enzymogenes U3

Cream

Soft and slimy

-

+

+

L. enzymogenes U4

Cream

Soft and slimy

-

+

+

L. enzymogenes U5B

Cream

Soft and slimy

-

+

+

L. enzymogenes U7

Cream

Soft and slimy

-

+

+

L. enzymogenes type
strain ATCC495

Cream

Soft and slimy

-

+

L.antibioticus type
strain ATCC29479

Pink to
reddish
brown

Soft and slimy

+

-

+

L.gummosus type
strain ATCC29489

Pale yellow

Gummy and
compact

-

-

+++

+

Symbol: +, present; -, absent.
Colony color and texture of different strains were performed and observed on 1/10 and 100% TSA;
the production of diffusible brown pigment was performed on media PCA and KB.
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Table 2.3 In vitro lytic enzyme and antagonism activity of different Lysobacter
species and strains
Enzyme test
Confirmed or putative
species and strains

In vitro inhibition test

YCM

Media
815+
laminarin

Pythium
ultimum
(P201)

Rhizoctonia
solani
(R251)

Fusarium
graminearum
(PH-1)

Bipolaris
sorokiniana

L. enzymogenes C3

+

+

+

+

+

+

L. enzymogenes N4-7

+

+

+

+

+

+

L. enzymogenes OH11

+

+

+

+

+

+

L. enzymogenes 41C1

+

+

+

+

+

+

L. enzymogenes 46E2

+

+

+

+

+

+

L. enzymogenes 52A1

+

+

+

+

+

+

L. enzymogenes 62A

+

+

+

+

+

+

L. enzymogenes 65A2

+

+

+

+

+

+

L. enzymogenes U1A

+

+

+

+

+

+

L. enzymogenes U2

+

+

+

+

+

+

L. enzymogenes U3

+

+

+

+

+

+

L. enzymogenes U4

+

+

+

+

+

+

L. enzymogenes U5B

+

+

+

+

+

+

L. enzymogenes U7

+

+

+

+

+

+

L. enzymogenes type
strain ATCC495

+

+

+

+

+

+

L. gummosus type strain
ATCC29489

+/-

+/-

ND

ND

ND

ND

L. antibioticus type
strain ATCC29479

-

-

ND

ND

ND

ND

Symbol: +, positive; -, negative; +/-, present a little, not completely absent; ND: No data.

45

Figure 2.1 The lytic enzyme test of different Lysobacter species and strains on YCM
shown as Clear zones

Pictures were taken after 2 days incubation at 28 ̊C.
All the plates included a negative control SDW, and C3 as the positive control. Strains of
Lysobacter enzymogenes shown relative equal ability to degrade the yeast cell in the
media and form the clear zones, while L. gummosus had a relative smaller clear zone, and
L. antibiotics had no clear zone.
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Figure 2.1 Continued - The lytic enzyme test of different Lysobacter species and
strains on media 813 containing laminarin shown as Clear zones

A

a

B

b

C

c

In picture A, B, and C, an old bottle of laminarin (partially dissolved) was added into
Medium 813 and made the media muddy just like YCM, and clear zones can be observed
through light by naked eyes.
In picuture a, b, and c, a new bottle of laminarin (fully dissolved) was used and the media
were clear without any turbidity. Clear zones produced by the bacteria could only be
observed after staining the media with 1% Congo red.
Each plate included a positive control (C3) and a negative control (SDW), and same
results were gotten as in YCM, the ability to produce clear zones was relative equal
among strains of L. enzymogenes, though higher than L. gummosus and L. antibioticus,
for the latter two species almost shown nothing.
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Figure 2.2 In Vitro Inhibition Test of L. enzymogenes strains against 4 pathogens
(fungi and oomycetes)

A
Oomycetes Pythium ultimum isolate P201

C
Fungi Fusarium graminearum isolate PH-1

B
Fungi Rhizoctonia solani AG2-IA isolate R251

D
Fungi Bipolaris sorokiniana

In in vitro inhibition test, each plate included a negative control SDW, and a positive
control C3. In picture A, B, and C, bacterial suspension was inoculated by a cover slide,
while in picture D, bacterium was inoculated by pipette to make a 10-µl spot. Pictures
were taken after 3-4 days incubation at room temperature.
All L. enzymogenes strains tested had the ability to inhibit these four pathogens in vitro.
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Table 2.4 Biological control effectiveness of different L. enzymogenes
strains against Bipolaris leaf spot on tall fescue- Test I

Strains

Disease incidence
(lesion count / leaf blade
length)

Disease severity
(percentage area of leaf
covered by necrotic
lesions)

Control SDW

4.3 D

3.5 A

L. enzymogenes C3R5

6.5 AB

2.7 AB

L. enzymogenes OH11

5.8 ABC

2.7 AB

L. enzymogenes N4-7

5.5 BCD

2.9 AB

L. enzymogenes 41C1

5.2 CD

2.2 B

L. enzymogenes 52A1

6.4 ABC

3.5 A

L. enzymogenes 62A

7.0 A

3.1 AB

L. enzymogenes U4

6.1 ABC

2.9 AB

Numbers indicate the means of 5 replications in each treatment;
Letters represent the groups. Means with the same letter are not significantly
different.
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Table 2.5 Biological control effectiveness of different L. enzymogenes
strains against Bipolaris leaf spot on tall fescue – Test II

Strains

Disease incidence
(lesion count / leaf blade
length)

Disease severity
(percentage area of leaf
covered by necrotic
lesions)

Control SDW

2.7 A

2.2 A

L. enzymogenes C3R5

1.2 B

1.1 D

L. enzymogenes OH11

1.4 B

1.2 CD

L. enzymogenes N4-7

1.5 B

1.5 BC

L. enzymogenes 41C1

1.6 B

1.7 B

L. enzymogenes 52A1

1.6 B

1.5 BC

L. enzymogenes 62A

1.3 B

1.4 BCD

L. enzymogenes U4

1.5 B

1.4 BCD

Numbers indicate the means of 5 replications in each treatment;
Letters represent the groups. Means with the same letter are not significantly
different.
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Figure 2.3 Population Assay of different L. enzymogenes strains in biological control
experiment

The total population of bacteria applied to the tall fescue by spraying increased
for the first three days, and then declined a little bit to a certain level on the fifth
day, which is also the sampling day for evaluating disease incidence and severity.
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3 Chapter 3 Phyllosphere colonization by Lysobacter enzymogenes
3.1 Introduction
Lysobacter enzymogenes is considered primarily to be an inhabitant of soil
and a rhizosphere colonizer (Sullivan et al. 2003; Postma et al. 2010). However,
research with strain C3, which was isolated from grass phyllosphere, demonstrated
that L. enzymogenes can also be a phyllosphere colonizer. For example, C3 was
reported to colonize the phyllosphere of turfgrasses (Giesler, 1998) and pinto bean
(Yuen et al. 1991) as an activity connected with biological control of fungal
phyllosphere pathogens. Strain C3 is presumed to be more phyllosphere-adapted than
other strains isolated from soil. No comparisons have been made, however, between
strain C3 and any other L. enzymongenes strains for phyllosphere colonization.
The site of phyllosphere colonization by strain C3 is presumed to be the
surface of leaves. However, Giesler (1998) reported epiphytic colonies of turfgrass
leaves by strain C3, as demonstrated by leaf printing, was found to cover only very
low proportions of leaf surfaces; much higher populations were detected when leaves
were ground up. This suggests that populations of C3 might also exist within leaf
tissues. Furthermore, recent studies reported Lysobacter in endophytic bacterial
communities in bean (Lόpez-Lόpez et al. 2010) and citrus. These researches raise the
possibility that C3 and other L. enzymogenes strains can colonize as endophytes.
Therefore, this study was conducted to test the hypotheses that L. enzymogenes can
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establish endophytic populations in leaves and that strains of L. enzymogenes differ in
their ability to colonize endophytically.
3.2 Materials and Methods
3.2.1

Bacterial strains and growth conditions

Strains of L. enzymogenes used in this study include the wild type strain C3
and a rifampicin-resistant spontaneous variant of C3 (C3R5); biocontrol strains N4-7
and OH11, provided by D. Kobayashi, Rutgers University, and F. Liu, Nanjing
Agricultural University, respectively; strains 41C1 and 52A1 isolated from Nebraska
soils (Yin, 2010); and strain U4 isolated from California soils by E. Caswell-Chen,
University of California-Davis. Procedures for storage and routine culture of all
strains on 10% TSA were as described in Chapter 2. Cell suspensions of each strain
were made for application to plants by collecting cells cultured on 10%TSA for 2
days at 28

C and suspending them in sterile distilled water to 1X108 CFU/ml for the

spray application and 1X106 CFU/ml for the injection application by
spectrophotometer. The semi-selective medium developed for L. enzymogenes (1/10
TSA amended with 50 µg/ml kanamycin, 20mg/ml cycloheximide, and 50 µg/ml
chlortetracyline; Chapter 2) was used for detection and quantification of all L.
enzymogenes strains applied to leaves, with the exception of C3R5; 10%TSARC
(10% TSA amended with 20 mg/ml rifampicin and 20mg/ml cycloheximide) was
used for C3R5, instead.
3.2.2

Plants and plant growth conditions
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Experiments were conducted on different plant species, including common
bean (Phaseolus vulgaris Pinto ‘UI114’), Swiss chard (Beta vulgaris var. cicla),
cabbage (Brassica oleracea var. capitata), green onion (Allium fistulosum var.
giganteum Makino) and tall fescue (Festuca aurundinacea ‘Kentucky 31’). Beans
grown from seeds that were pre-germinated by wrapping wet paper towels for 2 days
and planted into 10-cm-diameter plastic/clay round pot, one seed per pot. Swiss
chards and cabbages were grown from seeds that were planted directly into 10-cmdiameter plastic round pots, one seed per pot. Green onions were purchased from Earl
May Nursery & Garden Center (Lincoln, NE). Turf of tall fescue was created by
sowing 0.5 ml of seed, using one half of a 1.5ml centrifuge tube as a measure, into
10-cm-wide square plastic pots. A steam-pasteurized mixture containing equal
volumes of Sharpsburg silt clay loam, vermiculite, and sand was used as the potting
medium. The pots were placed in a greenhouse and watered daily in the morning and
afternoon. The plants were grown for 4 to 5 weeks before use in experiments. During
the growth period, tall fescue turf was trimmed to 12-cm height every 2 to 3 days.
3.2.3

Assessment of epiphytic vs endophytic colonization by strain C3

Two sets of experiments were conducted using C3R5, the rifampicin
resistant variant of strain C3. The first set of experiments tested the hypothesis that
C3R5 can colonize leaves of bean endophytically, as well as epiphytically. Bean
was used because C3 was found previously to colonize the phyllosphere of bean
(Yuen et al., 2001) and its large leaf size facilitated experimentation. Bean plants
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with one pair of fully expanded trifoliolate leaves were used in the experiments. In
one experiment, cell suspensions of C3R5 were infiltrated into individual leaflets
to ensure that populations were applied directly to the mesophyll. Using a 1-ml
Tuberculin syringe with the needle replaced by a short length of plastic tubing,
0.05 ml of C3R5 cell suspension was forced through the bottom surface of each
leaflet on a plant; sterile distilled water was applied to leaflets on other plants as
the control. The process left a water-soaked area at each infiltration site. In the
second experiment, C3R5 cell suspension or sterile distilled water was sprayed
onto the top and bottom surfaces of trifoliate leaves (50 ml/treatment, about 16
ml/plant) using a hand-pumped sprayer. In both experiments C3R5 or the control
was applied to six leaflets on each of three plants, and each treated leaflet
represented a sampling unit. One leaflet from each of the three plants was
collected on each sampling day - 0, 2, 4, 6, and 14 days after treatment – when
external and internal populations of C3R5 were determined. Each experiment was
repeated.
The external, or epiphytic, population was defined as that population that
could be washed off the surface of a leaf. The washing process was accomplished
by submerging a leaflet into 100 or 200 ml potassium phosphate buffer (PB; pH7.1)
contained in a sterile flask. The amount of buffer used was based on the size of
each leaflet, but the volume was noted for each or kept consistent in an experiment.
The flasks were shaken at 160 rpm for 1 hour and the wash was used to make
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serial dilutions. The internal population was defined as that population that
remained associated with a leaf after surface disinfestation and released from the
leaf by grinding. To disinfect the leaf surface, washed leaflets were submerged in
aqueous solutions containing 2% sodium hypochlorite and 0.1% Tween 20
(FisherBiotech) for 10 seconds, and then dipped ten times into two volumes of
sterile distilled water to remove the disinfectant, and finally blotted on sterilized
paper towels to dry. This treatment was used to surface disinfest leaves in a study
on endophytic bacteria reported by Zinniel et al. (2002) and was confirmed to be
effective in removing surface populations of C3R5 in preliminary experiments. In
addition, some surface disinfested leaflets were pressed gently onto the agar
surface of 10%TSARC to confirm the surface disinfection treatment worked to
remove surface populations of C3R5. After surface disinfection, leaves were cut
into pieces and placed into quart sized zip-enclosure bags (17.7 cm X 19.6 cm)
containing 5ml PB. Leaf samples were ground with a wooden rolling pin and the
tissue extracts were serially diluted. Serial dilutions of leaf washes and tissue
extracts were plated by spotting eight 10-µl volumes of each dilution onto
10%TSARC. The cultures were incubated at 28

C for 5-7days when the number

of spots at each dilution with positive growth for C3R5 was recorded. This data
was converted to population levels (CFU per gram) using the plate-frequency
method described by Yuen et al. (1991).
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In the second set of experiments, C3R5 was applied to Swiss chard,
cabbage, green onion and tall fescue to determine if plant species could influence
endophytic and epiphytic colonization. Methods for applying C3R5 and the water
control to Swiss chard and cabbage and for determining internal and external
populations on those plants were the same as with bean, except that 7-8 leaves per
plant were treated and treated leaves were sampled on Day 0, 3, 6, 9, and 15. For
infiltration of green onion leaves, which had the hollow tubular leaves, C3R5 or
water was injected into each leaf using a 26-gauge needle inserted into the tissue.
The spraying application to green onion leaves was performed in the same manner
as for bean. Treated green onion leaves were sampled by cutting 8-cm segments.
The C3R5 populations on and in treated segments were determined using
procedures described above. Because of its small leaf size, tall fescue turf was
treated only by spray application in the same manner as for bean. Furthermore,
only the total and internal populations of C3R5 were determined. For the internal
population, it was determined in the same manner as for bean, expect for sampling
1-2 grams leaves from each of the three plants on every sampling day – 0, 3, 6, 9,
and 15 after treatment. The total population of C3R5 on tall fescue was determined
in the same manner as mentioned above, except for no surface disinfestation
before grinding applied to samples. Because of logistic difficulties in application
procedures, colonization by C3R5 could not be tested on every plant species in a
single experiment. Only Swiss chard and cabbage could be tested in the same
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experiment. Each plant species, however, was tested twice as a colonization host
for C3R5.
3.2.4

Test of different Lysobacter enzymogenes strains for epiphytic and
endophytic colonization

A set of experiments was conducted to compare different strains of L.
enzymogenes for phyllosphere colonization. The strains included the biocontrol
agents N4-7 and OH11, and a California soil strain U4, in addition to the wild type
strain C3. The strains were applied to bean only by spraying and populations of each
strain in samples collected on days 0, 3, 6, and 9 were determined on selective
medium (1/10 TSA amended with 50 µg/ml kanamycin, 20mg/ml cycloheximide, and
50 µg/ml chlortetracyline; Chapter 2). Otherwise, all other procedures were the same
as in bean experiments described above.
3.2.5

Statistical analysis

Internal and external bacterial population levels determined from each sample
were expressed as CFU/gram leaf and the log10 transformation was applied to each
population value prior to calculation of means and standard errors. A ‘1’ value was
added to each population measurement (i.e. CFU/g + 1) so that the transformation
could be applied to population measurements of ‘0’. Data from each experiment was
analyzed separately.
3.3 Results
3.3.1

Endophytic and epiphytic colonization by strain C3R5
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Strain C3R5 was found to colonize leaves internally in initial experiments
using bean. When the bacterium was injected directly into leaflets, population
levels of C3R5 detected in the leaflets after surface disinfestation increased by 1.5
to 2 log10 units over the 2-week experiment period in both trials of the experiment
(Figure. 3.1). The bacterium was not detected in control leaflets treated with water.
When C3R5 was sprayed onto bean leaves, populations of the bacterium were
immediately detected inside treated leaflets and remained level at roughly 3 log10
CFU/g for 2 weeks in both experiment trials (Figure 3.2). In contrast, surface
populations of C3R5 declined after spraying in both trials (Figure. 3.2). Surface
populations declined rapidly in trial 1 such that it was non-detectable by day 4,
whereas the decline was slower in trial 2, remaining at levels similar to internal
populations until Day 14.
In subsequent experiments in which strain C3R5 was injected into leaves
of Swiss chard and cabbage, internal populations were detected in both plant
species but population levels varied between trials (Figure 3.3). Populations in
Swiss chard and cabbage in trial 1 initially declined and then remained level at
over 1 log10 CFU/g, whereas populations in trial 2 fluctuated in both plant species
from undetectable up to 2 log10 CFU/g. Bean was also treated with C3R5 in trial 2;
although internal populations of C3R5 were undetectable on Day 0, populations
were at or above 2 log10 CFU/g in subsequent sampling dates.
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When C3R5 was sprayed onto leaves of Swiss chard and cabbage,
populations of the strain were found both externally and internally, but the
populations exhibited different trends between trials (Figures 3.4 and 3.5). In the
first trial, external and internal population levels generally were similar between
the two plant species and exhibited declining trends (Figure 3.4). Results from trial
2 were very different from results from trial 1. External and internal populations of
C3R5 in Swiss chard in trial 2 increased from undetectable to a high steady state
level of roughly 5 log10 CFU/g (Figure 3.5). External populations on cabbage, on
the other hand, were undetectable through the experiment trial, and internal
populations reached levels exceeding 3 log10 CFU/g (Figure 3.5). Strain C3R5 also
was sprayed on bean in trial 2; population levels and trends in bean were very
different than those found in Swiss chard and cabbage (Figure 3.5).
In dramatic contrast to results from bean, Swiss chard and cabbage, strain
C3R5 was unable to colonize leaves of green onion externally or internally (data not
shown). In both trials when C3R5 was sprayed or injected into onion leaves, no
internal populations were detected from green onion leaf samples even on the first
two sampling days, while external populations were detected only immediately after
spray treatment.
3.3.2

Phyllosphere colonization by different Lysobacter enzymogenes
strains
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In the experiment in which strain C3 and three other strains of Lysobacter
enzymogenes (N4-7, OH11, and U4) were sprayed onto bean leaves, three strains C3,
N4-7 and OH11 exhibited similar trends in respect to their external and internal
populations (Figure 3.6). After the spray application, the external populations of each
of the three strains declined within the first 6 days. Those of C3 and OH11 then
leveled off at over 4 log10 CFU/g while populations of N4-7 continuing to decline to
non-detectable levels by day 9. Internal populations of C3, OH11 and N4-7 remained
level between 2 and 4 log10 CFU/g through the experiment with no significant
differences among populations of the three strains on most sampling days (Figure 3.6).
In this same experiment, external populations of strain U4 displayed considerably
different population changes compared to the other three strains. Populations of strain
U4 were undetectable except on Day 6 when it was at the same levels as the other
three strains. Internal populations of strain generally were similar to the other three
strains with the exception of Day 0 when it was undetectable.
Strain C3 was compared with two other soil strains, 41C1 and 52A1, for
colonization of bean and tall fescue in two separate experiments. Externally on
bean, all three strains declined in population to undetectable levels by Day 6
(Figure 3.7). Internal populations of all three strains were similar through Day 6,
being level at 2 to 3 log10 CFU/g. On Day 9 populations were different among the
strains with those of 52A1 being the highest at more than 4 log10 CFU/g and C3
the lowest at undetectable.
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On tall fescue, the same three strains generally exhibited similar total
populations (external and internal populations from ground tissue with no surface
disinfestation) with a gradual decline during the course of the experiment (Figure
3.8). Internal populations of the three strains generally were 1 to 2 log units lower
than total populations. Internal populations varied among the strains, with strain
C3 being higher than the others on most sampling dates.
3.4 Discussions
The primary finding from this study is that L. enzymogenes strain C3 can
colonize leaves endophytically. In the experiments in which strain C3R5 was injected
into bean leaves, populations of the strain in leaf tissues increased over time, a clear
indication of bacterial multiplication, rather than just survival. The strain could also
establish internal populations in bean after spray application indicating that bacteria
enter into leaf tissues through stomata or wounds. Furthermore, the strain appeared to
colonize bean leaves in an endophytic manner more effectively than in an epiphytic
manner. Similar trends were found in experiments on Swiss chard and cabbage. In tall
fescue, however, we could only infer that C3 appeared to colonize endophytically at
higher levels than epiphytically (Figure 3.8). Strain C3 could not colonize green
onion, epiphytically or endophytically, perhaps because the plant produces
antibacterial compounds. The experiments collectively indicate that endophytic
colonization by strain C3 is plant species-dependent. Because of variation among
experiment trials, however, it is not possible to determine whether there are consistent
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differences among bean, Swiss chard and cabbage in supporting endophytic
colonization by strain C3. Population levels and trends in population changes also
varied among trials on the same plant species. This may have been due to variation in
ambient environmental conditions between trial affecting conditions such as the
opening and closing of stomates and the availability of nutrients on leaf surfaces and
intercellular spaces. Experiments using GFP-marked strains of L. enzymogenes and
plants placed under different conditions are need to confirm movement of bacteria
through natural openings, the sites of colonization inside tissues, and environmental
influences on endophytic colonization.
Lastly, the ability to colonize leaves endophytically appears to be a common
trait among strains of L. enzymogenes. Strains isolated from soil appeared to colonize
bean endophytically to similar levels as the strain C3 isolated from a leaf. Strain C3
did appear to undergo endophytic colonization of tall fescue leaves to higher levels
than two soil isolates in the same experiment. This makes sense because strain C3
was isolated from grass leaves. The experiments involving multiple strains need to be
repeated to determine whether differences among strains are consistent. The absence
of dramatic differences in colonization ability among strains support results from
plate inhibition, lytic enzyme activity, and biological control tests reported in Chapter
2 that collectively suggest that strains of L. enzymogenes may be similar in their
ability to be biological control agents.
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The ability to colonize leaves endophytically is an advantage for L.
enzymogenes as a biological control agent. As mentioned above, being endophytic
could protect them from ambient environmental stress such as UV light, rapidly
fluctuating temperatures, raindrops and desiccations. As endophytes, they also might
have more access to nutrients inside leaves rather than competing for the limited
resources on the leaf surface. These factors can keep their populations at relatively
stable and high levels within plant tissues.
3.5 Figures and Tables
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Figure 3.1 Internal population of strain C3R5 in bean leaves after injection

After injection, population levels of C3R5 detected in the leaflets after surface
disinfestation increased by 1.5 to 2 log10 units over the 2-week experiment period
in both trials of the experiment.
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Figure 3.2 Internal and External population of C3R5 on bean leaves after spray

The bacterium was not detected in leaflets treated with control (SDW) in both trials,
neither external nor internal. Internal populations were detected immediately after
spraying and remained level at roughly 3 log10 CFU/g for 2 weeks in both trials; while the
external population declined through time until undetectable.
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Figure 3.3 Internal population of C3R5 in Swiss chard and Cabbage after injection

No bacterium was detected in leaflet when treated with SDW in both trials.
In trial I, internal bacterial population declined and then remained level at over 1 log10
CFU/g in both Swiss chard and cabbage; whereas populations in trial II fluctuated in both
plant species from undetectable up to 2 log10 CFU/g. In trial II, bean also was treated with
C3R5; although internal populations of C3R5 were undetectable on Day 0, populations
were at or above 2 log10 CFU/g in subsequent sampling dates.
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Figure 3.4 External and Internal population of C3R5 on Swiss chard and Cabbage
after Spray application – Trial I

No bacterium was detected in leaflet when treated with SDW, neither external nor
internal.
In this trial, both external and internal population levels were similar between the two
plant species and exhibited declining trends.
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Figure 3.5 External and Internal population of C3R5 on Swiss chard and Cabbage
after Spray application – Trial II

No bacterium was detected when treated with SDW, neither external nor internal.
Both external and internal populations of C3R5 in Swiss chard increased from
undetectable to a high steady state level of roughly 5 log10 CFU/g; the external
populations on cabbage, on the other hand, were undetectable through the experiment
trial, and internal populations reached levels exceeding 3 log10 CFU/g; population levels
and trends in bean were different than those found in Swiss chard and cabbage.
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Figure 3.6 External and Internal populations of 4 strains on Bean after Spray
application

No bacterium was detected when treated with Control, neither external nor internal.
After spray application, strain C3, N4-7, and OH11 exhibited similar trends in respect to
external and internal populations: their external populations declined within the first 6
days. Those of C3 and OH11 leveled off at over 4 log10 CFU/g while populations of N4-7
continuing to decline to non-detectable levels by day 9; and their internal populations
remained level between 2 and 4 log10 CFU/g through the experiment with no significant
differences. Meanwhile, populations of strain U4 were undetectable except on Day 6
when it was at the same levels as the other three strains, and its internal populations were
similar to the other three strains with the exception of Day 0 when it was undetectable.
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Figure 3.7 External and Internal populations of 3 strains on Bean after Spray
application

No bacterium was detected when treated with Control, neither external nor internal.
External populations on bean of all three strains declined to undetectable by Day6; while
internal populations were similar through Day6, being level at 2 to 3 log10 CFU/g.
On Day 9, populations where different among the strains with those of 52A1 being the
highest at more than 4 log10 CFU/g and C3 the lowest at undetectable.
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Figure 3.8 Total and Internal populations of 3 strains on Tall fescue after Spray
application

No bacterium was detected when treated with Control, neither external nor internal.
On tall fescue, the same three strains (as in Fig. 3.7) exhibited similar total populations
with a gradual decline during the course of the experiment. Internal populations of the
three strains were about 1 to 2 log units lower than total populations. Internal populations
varied among the strains, with strain C3 being higher than the others on most sampling
dates.
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4 Chapter 4 General discussion
To meet the objectives and prove our hypotheses listed in chapter 1, both in
vitro and in vivo experiments were conducted using Lysobacter enzymogenes strains
isolated from different geographic regions and source materials. In chapter 2, we
hypothesized that strains of L. enzymogenes would differ in expression of in vitro
traits related to biological control, as was the case in Pseudomonas fluorescens and
Bacillus subtilis systems. In the in vitro experiments, there were no significant
differences among strains of L. enzymogenes as to biological control-related traits:
lytic enzyme activity and antagonism against hyphal pathogens. The plate inhibition
test indicated that every strain had the ability to inhibit pathogens by producing some
antimicrobial metabolites. While we were unable to tell the exact components of
these antibiotics, it is very likely that the production of the compounds might be strain
dependent. Thus the results did not support the hypothesis that strains would differ in
biocontrol-related traits. In vivo experiments were conducted on tall fescue K-31 to
compare the biological control effectiveness of different L. enzymogenes strains
against the same plant pathogen: Bipolaris sorokiniana. The result was that all the L.
enzymogenes strains tested appeared to be similar in their ability to control Bipolaris
leaf spot. The similarity among the three biological control strains: C3, N4-7, and
OH11, was not surprising considering that each of them was screened originally for
biocontrol potential among a large number of bacterial isolates. The notable result
was the similarity between soil isolates and the biocontrol strains. This finding
suggested that the biocontrol related traits tested in this study might be universal
among these foliage and soil isolates, rather than unique among known biocontrol
strains in this species. If this conclusion could be confirmed by repeating the
experiments and testing on different plant-pathogen systems, this could lead us to an
easier way to find potential biological control agents among this species in any
location on earth.
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Prior to this study, Lysobacter enzymogenes was considered primarily as an
inhabitant of soil and a rhizosphere colonizer (Sullivan et al. 2003; Postma et al,
2010), with strain C3 being the only exception isolated from leaves and being
demonstrated as an effective phyllosphere colonizer (Giesler, 1998; Yuen et al. 1991).
It was presumed that strain C3 would be more phyllosphere-adapted than soil isolates
in this species, but this comparison had not been made. In chapter 3, we had the
objective to compare strain C3 and some other L. enzymogenes strains for their ability
to colonize phyllosphere, and specifically to test whether strain C3 or any other strain
of L. enzymogenes could establish endophytic population in leaves treated with the
bacteria. We found that strain C3, indeed, could establish endophytic populations in
bean, Swiss chard, cabbage, and tall fescue. Both epiphytic and endophytic
colonization was suppressed in green onion, however, presumably because the leaf
tissues of green onion produced antibacterial compounds. Although strain C3 was
able to colonize most of the plant species endophytically, population levels and
temporal trends were not consistent among trials even on the same plant species. This
suggests variations in ambient environment, leaf surface conditions, and leaf tissue
physiology can affect endophytic colonization as well as epiphytic colonization.
Further experiments using GFP-marked strains of L. emzymogenes are needed to
confirm the movement of bacteria through natural openings, wounds, and the
colonization sites in plants. Influences of environmental conditions on endophytic
colonization of bacteria should also be considered and examined by placing plants
under different conditions.
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Lastly, soil isolates of L. enzymogenes used in this experiment appeared to
have similar endophytic colonization ability as strain C3, which indicated that
endophytic colonization might be a common trait among strains of L. enzymogenes.
The results from this portion of the study would be more convincing if experiments
involving multiple bacterial strains could be repeated and tested on additional plant
species. If confirmed then the ability to be endophytic would be an advantage for the
species as a biocontrol agent. Endophytic colonizers could be better protected from
the ambient environmental conditions that disfavor survival and multiplication on the
phylloplane. In addition, endophytic colonizers would have more access to nutrients
inside the leaf tissue. Future efforts to improve biological control using strains of L.
enzymogenes could focus on establishing populations of the species in plant parts
such as seed and vegetative propagation material prior to planting rather than
protecting populations of the bacteria applied to plant surfaces.
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